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Modelling and analysis of alternative “tile to tile” attachment mechanism 
designs, for a modular plastic tile sports surface using FEA. 
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A sports surface that encourages elastic deformation during contact in combined anterior-posterior and medial-lateral directions 
through a process of horizontal deformation and displacement, may result in reduced foot and lower limb loading. Research 
concluded that a modular plastic tile surface which permits a limited amount of horizontal displacement via the tile connections 
has the potential to attenuate more braking force in comparison to a typical homogenous sports surface and therefore reduce the 
risk of tissue overloading and potential injury. A system whereby a modular plastic tile surface could encourage a limited amount 
of multi-lateral horizontal displacement via the tile attachment mechanisms was therefore developed. 
During rapid changes in direction or while landing on a sports surface, forces are transmitted from the athlete into the sports 
floor. Energy is preserved in the surface as the floor deforms, with a component of this energy being dissipated as a result of the 
dampening characteristics of the materials used to construct the sports surface. The sports tile development process therefore 
required the realisation of a retaining clip system to hold the tiles in firm engagement. Each tile also had to be able to be easily 
pulled apart for disassembly purposes. The tiles used in the surface had to be able to move independently from each other, in order 
for the surface to be able to dissipate energy. A design method was therefore adopted which saw the development of a number of 
alternative attachment approaches which were analysed via the Finite Element Analysis (FEA) method.  
A design solution was developed through a combination of iterative design and finite element simulation, with the final solution 
encouraging horizontal elastic deformation during athlete to surface contact, as a result of horizontal displacement. The “tile to tile” 
interface is the most critical aspect of the new modular tile surface that has been developed, as this feature in addition to its unique 
octagonal and square tessellated tile configuration, combine to allow multi-lateral horizontal displacement in the surface, and 
therefore the potential to reduce horizontal braking forces. 
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1. Introduction 
Any sports surface which does not adequately attenuate the energy imparted into the surface when an athlete lands or changes 
direction on the surface, is potentially dangerous. Any material placed between the athlete and the surface, which does not 
sufficiently ‘decouple’ the athlete from the sports surface through shock attenuation, can cause injury. Despite the risk of injury 
while participating in sport and the costs associated with rehabilitation, sports related exercise offers huge health and wellbeing 
benefits to participants and the wider community. In order to preserve good health in an aging population, it is important to enable 
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and encourage participation in physical exercise and recreation by economically providing low injury-risk surfaces on which 
various sport and recreation activities can take place. Injuries are a major barrier to the maintenance or increased participation in 
physical activity. 
This paper therefore describes the development of a modular plastic joining system which links sport floor tiles together and 
permits multi-lateral independent displacement, with the goal of reducing the potentially physically damaging horizontal breaking 
forces exerted on a tile by an athlete, when they suddenly change direction or brake during competitive play or while training. 
1.1. Non-contact overuse injury on sports surfaces 
Overuse injuries generally occur as a result of repetitive microtrauma of the musculoskeletal system, where the repeated 
application of a force results in a combined fatigue effect in tissue over a period of time (Bruce 1999). Contributing factors to 
overuse injuries include: 'poor technique', an excessive number of attempts at a particular activity, inappropriate physical 
conditioning and/or poor body anthropometry or congenital factors that may predispose a person to injury in a particular sport or 
activity (Nigg 1985; Renstrim and Johnson 1985; Dalton 1992). 
Chronic injury results from repeated loading at or even below the loading threshold normally required to cause an acute injury. 
Many chronic injuries displayed by athletes are caused by, or exacerbated by repeat loading. These injuries may then lead to 
developmental arthritis, lower back pain, and articular cartilage degeneration (Steele and Milburn 1988). Many overuse injuries 
result from the mechanical failure of the musculoskeletal system when it responds to repeated and prolonged impacts generated 
while landing (Francis, Leigh et al. 1988).  
Overuse injuries resulting from highly repetitive, medium force activities are related to the frictional characteristics of the 
surface because a high number of cyclic but small loads will cause an injury to both hard and soft tissues (McGrath and Ozanne-
Smith 1998). In the case of netball, which is played primarily on non-resilient surfaces where an athlete is required to repeatedly 
start, stop, turn jump and land, it is not surprising that injuries occur to lower limbs. In this case, ankle and knee joints are the most 
common sites of injury, with injuries to the knee being the most disabling (Elliott 1998). Netball is the most popular team sport in 
Australia, and is played mainly by females of various ages and skill levels on a wide variety of surfaces. It is also a significant 
sport for ankle and knee injuries, which make up more than two thirds of all netball injuries requiring emergency department 
treatment (Cassell, Finch et al. 2004).  
The netball footwork rule encourages excessively high braking force manoeuvres (INFA Netball 2007), forcing players to stop 
suddenly and repeatedly at speed, affecting a range of muscle activity and ground reaction forces. Such excessive braking exposes 
the ligaments of an athlete’s lower limbs to excessive stress, particularly in the knee, substantially increasing the probability of 
injury. For example, epidemiological evidence indicates that 34% to 93% of netball injuries are situated from the knee down (Steele 
and Milburn 1987). The logical approach to ameliorate injury would therefore be to attenuate the vertical and horizontal reaction 
forces (Steele and Milburn 1988) through surface design. Most surfaces however only seek to reduce vertical forces and this view 
is supported by the range of standards and tests that have been developed to measure vertical force attenuation only. 
1.2. Prefabricated tile synthetic sports surface systems 
Prefabricated tile synthetic sports surfaces are manufactured from injection-moulded co-polymer polypropylene and normally 
connected together via a ‘hook and loop’ locking mechanism as shown in Figure 1. This style of connection system aims to provide 
a robust and secure tile-to-tile linkage and does not encourage independent lateral tile movement. 
 
     
Fig. 1. Conventional retaining clip ‘snap hook and loop’ tile to tile connection method (a) hook; (b) loop 
Prior research concluded that modular plastic tile sports surfaces, may as a result of unintentional independent lateral movement 
under the application of load, potentially dissipate more braking forces in comparison to homogenous surfaces (Bagley 1992; 
Walker and Subic 2010). Bagley (1992) tested 14 recreational athletes between the ages of 20 and 45 years old with no history of 
lower limb injury. The athletes were asked to perform running, braking and jumping manoeuvres on a homogenous linoleum surface 
(a) (b) 
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and then the manoeuvres were repeated on a modular plastic tile sports surface over a force platform. The recorded forces were 
then normalised to body weight. The modular plastic tile sports surface as shown in Figure 1, was found to dissipate more impact 
forces as evidenced in the reduction in maximum braking force. Walker and Subic (2010) conducted further research into the 
braking energy attenuation potential of modular tile sports surfaces. In this research, test subject variability was removed through 
the design and construction of a test apparatus which could, with a high degree of repeatability, strike a floor at a predetermined 
impact angle in order to generate an impact force with both horizontal and vertical components. Modified modular plastic tile 
surfaces which permit an enhanced amount of horizontal movement via the tile connections have the potential to attenuate more 
braking force in comparison to a homogenous contact layer sports surface. The research reported in this paper, therefore, sought to 
develop an optimised high performance modular plastic tile surface which would encourage a limited amount of horizontal 
movement via the tile connections, which would also allow ease of tile attachment and disengagement. No sports surface currently 
exist which permits limited multi-directional lateral surface displacement. 
 
 
Fig.2. Interconnected modified modular square tile sports surface allowing horizontal displacement via the tile linkages 
2. Clip and loop design and analysis 
Analysis of the stiffness of conventional tile clip methods suggests that the cantilever clip design approach shown in Figure 1 
would be overstressed when attempting to deform, if a larger than normal tile-to-tile displacement gap was required. In addition, 
once the tile to tile gap closes as a result of tile displacement, clip engagement will also increase by the same amount, increasing 
the tile interlock on mating faces. If smalls clip engagements were used, this would than potentially result in tile disengagement 
when an athlete brakes suddenly on the surface. 
 
     
Fig. 3. Conventional retaining clip approach modelled without and with internal fillets 
In order to reduce the stress concentrations visible in the internal corners of the existing design, 1mm fillets were added and a 
prescribed minimum displacement of 2mm was introduced. The resultant stresses concentrated in the internal corners at the bottom 
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of the hook cantilever, however, were over three times greater than the material’s yield strength. Alternative design approaches 
were therefore investigated with the goal of rotating the clipping action through 90 degrees as shown in Figure 4, which also allow 
the flexibility of the loop to contribute to the snapping action. This approach allows the tile to be displaced by each tile sliding 
towards and away from each other, without increasing or decreasing the clip engagement dimension. 
 
     
Fig. 4. Alternative retaining clip concepts which promote tile displacement and tile to tile engagement 
The maximum allowable loop displacement in this configuration was however calculated to be only 0.2 mm and there was the 
potential for loop stiffness being too high. Subsequent analysis indicated that the clip may be too stiff in the location where this 
feature passed through the mating wall on the adjacent tile. In order to make the side-wall of the clip on the tile more flexible, 
further development was undertaken, as shown in Figure 5. The subsequent finite element analysis indicated that these hook designs 
would function satisfactorily. At 1.2mm deflection, the material begins to enter yield at the base of each cantilever and at 1mm of 
snapping deflection, the material is below yield. Altered material properties through the addition of mineral fillers may however 
increase stiffness and change the material modulus, resulting in the feature being overstressed, and should therefore be avoided.  
 
     
Fig. 5. Initial design for flexible side-wall hooks engaging laterally on the loop to promote lateral movement and clipping & unclipping 
The revised loop and hook approach was further refined with the inclusion of negative ‘shelving’ on the underside of each hook, 
as this characteristic would allow the tuning and adjustment of the unclipping pull-out force. This aspect of fine tuning is best done 
at the tooling stage, however, by leaving clearance between the hook and loop. Then the ability is available to adjust the tooling in 
a ‘metal-safe’ tool tuning process. As the tile geometry is symmetrical, the analysis was performed with half the mathematical 
model present and the other half replaced through symmetry boundary conditions. In order to simulate the entire tile, even though 
only a portion of the tile geometry is present, symmetry boundary conditions were applied to the faces located in the plane of 
feature symmetry. Symmetry boundary conditions however only permit in-plane displacements and in this case, symmetry was 
used as a restraint condition.  
In this final version of the tile to tile clipping system, the tile hook can be deflected by 1.2mm per side. Under these conditions 
the maximum von Mises equivalent stress in the cantilever is 32.5 MPa or just over 100% of the 30 MPa von Mises equivalent 
yield strength. In reality, deflection will be shared between the hook and the loop; therefore this level high of displacement will 
not be experienced by the hook. The loop analysis shown in Figure 7.13 shows the levels of stress expected under the application 
of a 1N clipping force, bringing the interconnection process well within acceptable stress levels. 
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Fig. 6. Final retaining clip concept analysis 
3. Attachment method prototyping and testing 
The horizontal stiffness of a sports surface relates to its rigidity and the extent to which a surface can resist deformation in 
response to a braking force (Baumgart 2000). The stiffness of the surface k, is the measure of resistance offered by an elastic sports 
surface to deformation. The horizontal stiffness of the tile surface in a particular direction is therefore defined as: 
 
݇ ൌ ிఋ  
F = the force applied to the surface by an athlete starting, stopping or changing direction. 
δ = the tile horizontal displacement produced in the surface by the applied force. (1) 
Surface displacement under horizontal loading was measured under the two loading configurations described in Figure 7. 
Configuration (a) shows the tile to tile interface with the tile moving directly between two tiles, and configuration (b) describes the 
tile to tile interface with the tile moving directly onto a tile. Configuration (a) is representative of an athlete braking on the surface 
in a ‘down-court’ direction and configuration (b) is representative of an athlete braking at a ‘cross-court’ angle of 45 degrees to 
configuration (a). Horizontal loads were then applied to the tile in the directions indicated in Figure 7 and the displacements 
measured. Ideally, the stiffness of the surface is required to be uniform between configurations (a) & (b), in order to maintain the 
response predictability of the surface as an athlete brakes on the surface. Two shock absorbent materials were initially tested ‒ 
Hytrel thermoplastic elastomer and Sorbothane polyurethane elastomer. The tile to tile interface was tested by incorporating 
isolators 3mm x 10mm x 2mm in size, equally spaced in 2, 3, 4 and 5 isolator configurations per tile side. A load of 98.1N was 
applied to the tile using a Salter Brecknell Super Samson 10kg x 50g spring gauge and the tile to tile gap displacement was 
measured at location ‘D’ in each test configuration. 
 
   
Fig. 7. Displacement tests with prototypes in configuration (a) the tile to tile interface with the tile moving directly between two tiles, and 
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The assessment test was then repeated with 3D printed tile components in order to determine whether the loop interconnection 
method developed would provide the anticipated independent movement characteristics required for the two configurations tested. 
When tested, the 3D printed parts, incorporating identical isolator materials, produced the same displacement and stiffness values 
when identical combinations of isolator were used. The Sorbothane Engineering Design Guide (2013) states that the percentage 
static deflection of the isolator material under continuous load without impact, should not exceed 20%. For dynamic deflections 
less than 40%, the expected fatigue life should be considered to be in excess of one million cycles (Sorbothane 2013). In order to 
measure the horizontal surface stiffness in a static application, as described in this assessment test method, a maximum static 
deflection of 20% was therefore adopted. 
Table 1.  Measurement of isolator stiffness in tile to tile configurations (a) and (b) 
Sorbothane isolator material durometer 50 with form factor 1.59 (3mm x 10mm x 2mm) 
 Configuration (a) Configuration (b) 
Mass ሺሻ 6.00 5.00 
Load ሺሻ 58.86 49.05 
Displacement ሺmm) 0.60 0.60 
Deflection ሺΨሻ 20% 20% 
Stiffness (GPa) 0.98 0.82 
4. Conclusion 
A testing approach was developed by which the efficiency of the tile to tile loop interconnection method could be assessed. In 
addition, it was possible to determine the surface’s horizontal directional stiffness, influenced by whether an athlete brakes on the 
surface, in a down-court direction or in a cross-court angle of 45 degrees to the down court direction. Testing in these angular 
directions would therefore determine if the horizontal stiffness values changed significantly, as a result of the tile geometry. The 
interconnection tests indicated that there were no significant difference in stiffness values between the 3D printed parts which 
included the interconnection loops and the FDM components without interconnection loops. When horizontal loads were applied 
to the tile in either of the two selected directions (down-court or at an angle of 45 degrees cross-court) and the displacements of 
the tiles were measured using the same isolator materials and isolator forms, the horizontal stiffness values were almost 20% higher 
when braking down court than when the braking was in a cross-court direction. Ideally, the stiffness of the surface would be 
uniform in both directions in order to maintain the surface’s response predictability. However, although this difference in surface 
directional stiffness was not ideal, surface validation tests would aim to validate surface stiffness variability under dynamic loading 
conditions as opposed to the static loading conditions simulated in the surface assessment tests. 
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